Abstract. Glioblastoma multiforme (GBM), the most aggressive primary brain tumor, portends a poor prognosis despite current treatment modalities. Recurrence of tumor growth is attributed to the presence of treatment-resistant cancer stem cells (CSCs). The targeting of these CSCs is therefore essential in the treatment of this disease. Mechanistic target of rapamycin (mTOR) forms two multiprotein complexes, mTORC1 and mTORC2, which regulate proliferation and migration, respectively. Aberrant function of mTOR has been shown to be present in GBM CSCs. All-trans retinoic acid (ATRA), a derivative of retinol, causes differentiation of CSCs as well as normal neural progenitor cells. The purpose of this investigation was to delineate the role of mTOR in CSC maintenance, and to establish the mechanism of targeting GBM CSCs using differentiating agents along with inhibitors of the mTOR pathways. The results demonstrated that ATRA caused differentiation of CSCs, as demonstrated by the loss of the stem cell marker Nestin. These observations were confirmed by western blotting, which demonstrated a time-dependent decrease in Nestin expression following ATRA treatment. This effect occurred despite combination with mTOR (rapamycin), PI3K (LY294002) and MEK1/2 (U0126) inhibitors. Expression of activated extracellular signal-regulated kinase 1/2 (pERK1/2) was enhanced following treatment with ATRA, independent of mTOR pathway inhibitors. Proliferation of CSCs, determined by neurosphere diameter, was decreased following treatment with ATRA alone and in combination with rapamycin. The motility of GBM cells was mitigated by treatment with ATRA, rapamycin and LY29002 alone. However, combination treatment augmented the inhibitory effect on migration suggesting synergism. These findings indicate that ATRAinduced differentiation is mediated via the ERK1/2 pathway, and underscores the significance of including differentiating agents along with inhibitors of mTOR pathways in the treatment of GBM.
Introduction
Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the most frequent and aggressive primary brain tumor. Despite the increased understanding of the oncological mechanisms underlying GBM pathophysiology, and treatment advances, only a marginal improvement in overall survival has been seen during the first decade of the 21st century (1) . Abnormalities in multiple genetic pathways have been identified including amplification of epidermal growth factor (EGFR), loss of chromosome 10q, mutation of phosphatase and tensin homolog (PTEN), mutation of p53, and concomitant loss of p16 and p18 (2) (3) (4) . Investigation into similarities between growth factor signaling elements implicated in GBM progression, and those that control crucial stages in neural development has provided evidence signifying neural stem and/or progenitor cells as the cell type of origin for GBM (5) (6) (7) . These cancer stem cells (CSCs) carry three distinct properties: self-renewal, ability to differentiate into multiple lineages and extensive proliferation. Their presence in tumors has been demonstrated through the identification of specific antigenic markers, and use of co-culture conditions that were originally developed for normal neural stem cells (6, 8, 9) .
Aberrant signaling pathways contributing to abnormal cell migration, invasion, proliferation, as well as CSC maintenance are responsible for the aggressive nature of GBM (10) . Many of the identified mutations result in activation of the lipid kinase PI3K and its downstream target, the plekstrin-homologydomain serine threonine kinase AKT. AKT has over 40 downstream targets (11) . Prominent among these is mechanistic target of rapamycin (mTOR; AKA mammalian target of rapamycin) and recent reports have linked PI3K/Akt/mTOR activity directly to CSC expansion and maintenance (10, 12) . mTOR is an atypical serine/threonine kinase that regulates several processes including autophagy, ribosome biogenesis, and metabolism by integrating signals from growth factors, nutrients, oxygen and energy status (13) . Recent studies have indentified two structurally and functionally distinct mTOR-containing multiprotein complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2). The two complexes consist of unique mTOR-interacting proteins, which determine their substrate specificity. mTORC1 acts as a downstream effector of PI3K/Akt signaling, promoting cell growth, proliferation, and CAP-dependent protein translation, alongside inhibiting autophagy. mTOR2 phosphorylates AKT at Ser473, and as an upstream activator regulates serum/glucocorticoid regulated kinase (SGK) as well as PKC. mTORC2 also modifies cytoskeletal elements and as a result is involved in controlling cellular migration. mTOR has been implicated in promoting the maintenance of stem cells and CSCs indicating its inhibition as an approach to prevent self-renewal of stem cells (10, 12, 14) .
An alternate proposed mechanism to target the CSCs of GBM is to promote differentiation and therefore increase sensitivity to therapy. All-trans retinoic acid (ATRA), a derivative of retinoid, is capable of differentiating a variety of stem cells, as well as normal neural progenitor cells (15) . Retinoic acid and its derivatives activate retinoic acid receptors and retinoid X receptor (RAR-RXR) complexes and induce differentiation of neural stem cells (16) . A combination of ATRA and interferon γ (IFNγ) has shown the ability to induce both differentiation and apoptosis of GBM cells independent of their PTEN status (17) (18) (19) , and clinically the use of ATRA with cytosine arabinoside resulted in stability of recurrent GBM (20) .
This investigation addresses means to target GBM CSCs using the combination of differentiating agent ATRA with inhibitors of the PI3K/AKT/mTOR pathways, and thus provide a novel therapeutic approach.
Materials and methods
Cell line and reagents. The human glioblastoma cell lines U87 and LN18 were used. These are commercially available neurosphere forming primary GBM cell lines (ATCC, Manassas, VA, USA). U87 (21) cell line exhibits p16INK loss, PTEN loss and wild-type p53. LN18 (22) cell line exhibits intact PTEN and mutant p53 at codon 238. Cells were maintained in Dulbecco's modified Eagle's medium (DMED; Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS and 1% penicillin/streptomycin/amphotericin in a humidified incubator with 5% CO 2 at 37˚C. Cells were made quiescent by serum deprivation 24 h prior to treatment. Treatment included the mTORC1 inhibitor rapamycin (RAPA, 100 nM; EMD Chemicals, Gibbstown, NJ, USA), PI3K inhibitor LY294002 (LY, 10 µM; EMD Chemicals), MAP kinase 1 and 2 (MEK1/2) inhibitor U0126 (10 µM; Sigma-Aldrich, St. Louis, MO, USA), and all-trans retinoic acid (ATRA, 10 µM; Sigma-Aldrich). All reagents were attained from Sigma-Aldrich.
Isolation of protein.
Protein extraction was performed with whole cell lysis buffer containing 1% Triton X-100, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 5 mM EDTA containing phosphatase and protease inhibitors (Sigma-Aldrich). Protein concentrations were determined by the modified Lowry method (Bio-Rad Laboratories, Hercules, CA, USA).
Western blot analysis. Equal amounts of protein were resolved on a 10% SDS-PAGE gel and then electrotransferred onto nitrocellulose membrane. Membranes were processed according to the manufacturer's instructions (Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cell Signaling Technology, Danvers, MA, USA). A routine procedure utilized primary antibodies for Nestin and activated extracellular regulated kinase 1 and 2 (ERK, pERK1/2 Thr202/Tyr204 ), at 1:1000 dilutions (Santa Cruz Biotechnology), followed by detection by chemiluminescence (Millipore, Billerica, MA, USA). Blots were stripped (Pierce Protein Biology Products, Rockford, IL, USA) and re-probed with actin or respective total antibodies to ensure equal loading. Densiometric analysis was performed using ImageJ (NIH, Bethesda, MD, USA). Experiments were conducted at least three times.
Fluorescence immunohistochemistry. Cells were treated with ATRA or RAPA for 24 h. After treatments cells were fixed in 4% PFA, blocked with 10% goat serum in PBS/0.1% Triton X-100, and stained with Nestin (1:500; Santa Cruz Biotechnology) according to the manufacturer's instructions. FITC-Green or Rhodamine-Red secondary was used (Jackson ImmunoResearch, West Grove, PA, USA) with 4' ,6-diamidino-2-phenylindole (DAPI) nuclear counterstaining. Cells were visualized using imaging system of Zeiss Axiovert 100M microscope (Thornwood, NY, USA).
Neurosphere assays. Serum-starved neurospheres were treated with RAPA, LY, or ATRA for up to 3 days. Serial images of treated cells were taken at x10 using an Axiovert 100M (Zeiss) where field coordinates were maintained. Neurosphere diameters were measured (AxioVision software; Zeiss) across all visibly identifiable neurospheres by a single blinded observer, while diameters across ellipsoid neurospheres were measured diagonally across all treatments to ensure uniformity. Neurosphere diameters were normalized to day zero for each treatment. Effects of combination therapy were also assessed with ATRA and RAPA and LY.
Scratch/wound healing migration assay. The scratch wound migration technique was used to determine the motility of GBM cells following treatment. LN18 cells were grown to confluent monolayer, and when approaching 100% cell confluence scratching the surface as uniformly as possible with a pipette tip formed a wound. This initial wounding and the movement of the cells in the scratched area were photographically monitored using the Axiovert Zeiss 200 microscope (Carl Zeiss) with x10 magnification (NA 0.25). The migration rate was expressed as a percentage of the control, and it was calculated as the proportion of the mean distance between both borderlines caused by scratching, to the distance that remained cell-free after migration. Two independent series of experiments were performed in quadruplicate.
Statistical analysis.
Values are presented as the means. One-way ANOVA was carried out for multiple comparisons and two-tailed t-tests were used for single comparisons. A P-value of <0.05 was considered significant.
Results

ATRA induces differentiation of CSCs, evidenced by depletion of stem cell marker Nestin.
In order to establish that ATRA induced differentiation of CSCs, stem cells were treated with ATRA (10 µM) for 24 h followed by immunofluorescence analysis of Nestin expression (Fig. 1A) . A quantified comparison of cells expressing Nestin was performed after counterstaining with DAPI. All non-treated CSCs demonstrated Nestin expression, where only 40% of the cells expressed Nestin following treatment with ATRA (Fig. 1B) . This indicates that treatment with ATRA was able to cause a significant degree of differentiation among CSCs.
mTOR inhibition alters cellular localization of Nestin. Cells treated with the mTORC1 inhibitor, RAPA (100 nM) for 24 h were subjected to immunofluorescence analysis (Fig. 1C) . The CSCs expressed Nestin ubiquitously and was found primarily in the cytoplasm, as evident by the absence of Nestin co-localization with DAPI in the merged image (Fig. 1C, upper panel) . Following treatment with RAPA cytoplasmic expression of Nestin was lost, though strong nuclear expression was evident (Fig. 1C, lower panel) .
Alterations in Nestin and ERK expression following treatment
with ATRA and PI3K/mTOR inhibitors. For further analysis of the effect of ATRA on differentiation, CSCs were treated with ATRA (10 µM) for either 2 or 6 h and western blot analysis with densitometry analysis was performed. A significant decrease in Nestin was seen after ATRA treatment as compared to control. This reduction in Nestin expression was greater at 6 than at 2 h suggesting a time-dependent effect. Nestin expression was examined in CSCs treated with combinations of ATRA and LY (10 µM), RAPA, (100 nM) or U0126 (10 µM) for 6 h. The results illustrated a decrease in Nestin expression comparable to that of ATRA alone (Fig. 2A) . The bar graph represents the arbitrary value of Nestin in comparison to actin, and demonstrates further Nestin inhibition with the use of pathway inhibitors. In order to investigate the mechanism of differentiation induced by ATRA, we examined activated ERK1/2 (pERK1/2) expression in CSCs following ATRA treatment in the presence or absence of mTOR/PI3K/MAPK inhibitors (Fig. 2B) . pERK1/2 expression was found to be increased following treatment with ATRA at 2 and 6 h in a time-dependent manner. pERK1/2 expression was also found to be increased following treatment with LY and RAPA in combination with ATRA. Treatment with MEK1/2 inhibitor, U0126 (10 µM), in combination with ATRA resulted in no alteration in ERK1/2 expression, suggesting that U0126 was able to abrogate the activation caused by ATRA.
The effects of PI3K/mTOR inhibition in combination with
differentiating agents on CSC proliferation. The proliferation of CSCs was assessed by a neurosphere assay determining the size changes in neurospheres. As expected with time there was an exponential increase in cell proliferation in controls (Fig. 3) . Following treatment with ATRA, and in the presence of mTOR or PI3K inhibitors CSC proliferation was suppressed.
The effects of PI3K/mTOR inhibition in combination with differentiating agents on cell migration. GBM cells treated with RAPA (100 nM), LY (10 µM) and ATRA (10 µM) as single agents all demonstrated decreased cellular motility as compared with control. Among these agents, LY exhibited the highest degree of suppression. Treatment with LY and ATRA in combination had a greater suppressive effect than compared to RAPA and ATRA. Interestingly, the combination of all three agents; LY, RAPA and ATRA, had a synergistic effect causing a complete halt in GBM cell migration (Fig. 4) .
Discussion
The findings of the present study provide further evidence on the targeting of CSCs of GBM by differentiating agent ATRA in combination with PI3K/mTOR inhibitors. The central role of these CSCs in the recurrence and aggressive nature of this disease has made them a key target in its management (5-7). There is abundant evidence of the presence of CSCs within GBM, it has been shown that the expression of stem cell markers (e.g. Nestin and JNK), in tumor and peri-tumor areas can serve as a prognostic indicator (23) .
Nestin, a cytoskeletal intermediate filament has long been described as a marker for neural stem cells (24) . The confirmation of Nestin expression in GBM neurospheres by immunofluoresence suggests further evidence for the presence of stem cells in GBM. In addition, the loss of Nestin expression following treatment with ATRA is indicative of cellular differentiation occurring in a time-dependent manner. In comparison, upon treatment with the mTORC1 inhibitor RAPA, there was a marked translocation of Nestin expression from the cytoplasm to the nucleus, suggesting that the cells underwent other molecular alterations over differentiation.
Similar results were seen on western blot analysis with a reduction in Nestin expression following ATRA treatment. The combination of ATRA with PI3k inhibitor LY, mTORC1 inhibitor RAPA, and the MEK1/2 inhibitor U0126 also caused a suppression of Nestin. When investigating the mechanism underlying this phenomenon it became suggestive that ATRAinduced differentiation was mediated by the activation of ERK1/2 (pERK1/2). This was demonstrated by the fact that after treatment of cells with ATRA an increase in pERK1/2 expression was observed (Fig. 2B ). ERK1/2 is a downstream signaling molecule of the Ras-Raf-MEK1/2 signaling pathway that has been found implicated in many cancers including GBM (10, 25) . Studies have also shown that MEK1/2, ERK1/2, and mTOR pathways are involved in a mutual negative feedback loop mediated via p70-S6K, in which each pathway can inhibit or activate the other affecting cellular proliferation or differentiation (26, 27) . This has also led to previous findings by our group that GBM CSCs treated with both MEK1/2, ERK1/2 inhibitors and PI3K/mTOR inhibitors are more effective than either inhibition alone (10) . Alternatively ERK1/2 inactivation with U0126 promoted differentiation while inhibiting proliferation (28) . Our findings suggest that ATRA results in differentiation through the activation of ERK1/2, and that this effect can be prevented with U0126 treatment. These observations have pertinent clinical relevance since temozolamide resistance in GBM has been found to be mediated by dysregulation of MEK1/2, and ERK1/2 pathways and the inhibition of ERK1/2 pathway may sensitize cells to chemotherapy treatment (29) . One notable factor in our results is that treatment with ATRA and U0126 in combination reversed the activation of ERK 1/2 resulting from ATRA treatment alone, the combined treatment did not completely halt differentiation as there was still a significant decrease in Nestin expression with combination treatment. This suggests the possibility of other mechanisms by which ATRA is able to induce differentiation.
Other important results of this investigation include a functional assessment of CSCs. Our results confirm previous findings that inhibition of mTOR or PI3K leads to the reduction of cellular proliferation and migration (30) . We have confirmed a similar effect on cell proliferation in GBM CSC populations by demonstrating that mTORC1 inhibitor RAPA, and PI3K inhibitor LY suppressed neurosphere growth, independent of the use of ATRA. The lack of additional suppression in the presence of inhibitors suggests that the dose and time of treatment was optimally achieved, and further decline in proliferation with the addition of secondary agents was unlikely. In addition, we examined the effect of PI3K/ mTOR inhibition on GBM cellular migration. We illustrated that combination of PI3K inhibition, mTOR inhibition and treatment with differentiating agent ATRA had a synergistic effect resulting in the least amount of cellular migration. This may be mediated through mechanisms involving the balance between ATRA-induced differentiation and PI3K/mTOR inhibition regulating proliferation and migration.
CSC proliferation and migration have important clinical implications because these properties relate directly to the invasive nature of GBM. Thus, evidence that inhibitors of mTOR and differentiating agents can negatively affect proliferation and migration suggest their potential therapeutic use. The finding that the use of a differentiating agent in combination with mTOR pathway inhibitors had a synergistic effect in preventing cell migration is of particular significance. This indicates the possibility of targeting CSCs by inducing differentiation, followed by treatment with mTOR inhibitors. This is echoed by clinical findings in other cancer types that are already examining inhibition of ERK1/2 and mTOR pathways using existing inhibitors. A phase I trial looked at 236 patients with advanced colorectal cancer treated with a PI3K inhibitor, a MAPK inhibitor, or a combination of the two (31) . The results illustrated that dual inhibition was superior in efficacy as compared to inhibition of a single pathway. Therefore, elucidating the mechanism of only a marginal benefit in an early phase trial of mTOR inhibitors (temsirolimus) alone as treatment modality for recurrent GBM (32) .
In conclusion, this investigation demonstrates that ATRAinduced differentiation is another mechanism of targeting the MAPK/ERK1/2 pathway, and that treatment of cells with ATRA in combination with PI3K and/or mTOR inhibition was an effective strategy for decreasing CSC proliferation and migration. Thus, using differentiating agents along with inhibitors of mTOR pathways provides a molecular basis for the treatment of GBM.
